Characterization of a giant-fruit mutant exhibiting fruit-limited polyploidization in pear (Pyrus communis L.)  by Isuzugawa, Kanji et al.
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Fruit  size  is  one  of  the  most  important  traits  in  fruit  trees.  We  found  a bud sport  mutant  bearing  giant  fruits
of pear  in an  orchard  in Yamagata  prefecture,  Japan.  The  fruit weight  of  this  mutant  was more  than  twice
that of an  original  cultivar  ‘La  France’.  The  size  of  the  receptacle  was  already  larger  in the  mutant  than
in  the  original  cultivar  at  full  bloom,  and  size  differences  between  the mutant  and  the  original  cultivar
were  observed  throughout  fruit development.  Microscopic  observation  of  fruit  cortex  cells  revealed  that
the size  of  cells  was  larger  in  the  mutant  than  in  the  original  cultivar,  and  that  the  number  of cells  was
comparable  between  the  mutant  and  the  original  cultivar.  Flow  cytometric  analysis  revealed  an  increase
in the number  of  cells  having  doubled  amounts  of  DNA  (4C  cells)  in the  fruit  cortex,  but  such an  increase
was  not  found  in  leaves,  suggesting  chimeric  polyploidization  or endoreduplication  in fruits  of the  mutant.
Mutant  fruits  exhibited  signiﬁcantly  higher  titratable  acidity  and lower  ﬁrmness  than  those  of  the  originalhimeric polyploidization cultivar.  These  differences  were  observed  from  110  days  after  full  bloom  to 165 days  (the  commercial
harvesting  time).  However,  the  concentration  of soluble  solids  was  not  different  between  the  mutant  and
the original  cultivar.  There  were  no  signiﬁcant  differences  in  polyuronide  contents  between  the mutant
and  the  original  cultivar  fruits,  but  hemicellulose  content  in fruits  of  the  mutant  was  signiﬁcantly  lower
than  in  those  of the  original  cultivar.
© 2014  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Fruit size is one of the most commercially important traits in
ruit trees, because larger fruits are generally marketed at higher
rices. Fruit size is determined by the number and size of fruit cells.
n pear (Pyrus communis L.) belonging to the subfamily Maloideae
n the Rosaceae, cell division occurs in the period from anthesis,
etermining the number of cells. Thereafter, cell expansion occurs,
nd fruit size increases following a sigmoid curve.
In Japanese pear (Pyrus pyrifolia Nakai), a closely related to pear,
ell number has been reported to be more important than cell size
or determining fruit size of cultivars (Zhang et al., 2006). In tomato,
hich is used as a model plant for the study of fruit development,
W2.2 has been identiﬁed as a gene contributing approximately
0% of phenotypic difference in fruit size between large, domes-
icated tomatoes and their small-fruited wild relatives. This gene
egatively controlling fruit size has been found to be homologous
∗ Corresponding author. Tel.: +81 237 84 4125; fax: +81 237 84 4127.
E-mail address: isuzugawak@pref.yamagata.jp (K. Isuzugawa).
ttp://dx.doi.org/10.1016/j.scienta.2014.03.009
304-4238/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
with an oncogene (Frary et al., 2000). Although several reports on
the control of cell size have been published, the molecular biologi-
cal mechanism underlying cell size control has not been elucidated.
In a study of endoreduplication of tomato fruits, Wee1, a cell cycle-
related gene, has been revealed to play an important role in cell
expansion by endoreduplication (Gonzalez et al., 2007).
Mutants are important for studying the molecular mechanisms
of various traits. In apple (Malus × domestica Borkh.), a giant-fruit
cultivar, ‘Grand Gala’, has been obtained by spontaneous mutation
from cultivar ‘Gala’. In ‘Grand Gala’, higher and lower expression
levels of MdCDKA1 and MdCYCA2,  respectively, both of which are
involved in the cell cycle, than those of ‘Gala’ have been reported
(Malladi and Hirst, 2010). A giant-fruit mutant has been selected
in Chinese pear (Pyrus ussuriensis Maxim.), and gene expression
has been compared between the mutant and the original cultivar
(Zhang et al., 2011). In a small-fruit mutant reported in persimmon,
a decrease in the number of fruit cells has been observed, suggesting
the mutation to be a gene involved in cell division (Yamane et al.,
2008). A decrease in malic acid content at the green stage and an
increase of sucrose content at ripening stage have been detected in
a nonﬂeshy mutant of grape (Fernandez et al., 2006).
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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A bud sport mutant of pear bearing giant fruits (named as ‘G.
aF’) was found on a tree of ‘La France’ (shown as ‘LaF’), which is
onsidered to be a diploid pear cultivar (Yamamoto et al., 2010),
n an orchard in Yamagata prefecture, Japan. Since fruit size is an
mportant trait for fruit markets, this mutant was considered to
ave a high economic value. Therefore, in the present study, we
haracterized this mutant morphologically and biochemically.
. Materials and methods
.1. Plant materials
Fruits were collected from branches of the bud sport mutant, ‘G.
aF’ bearing giant fruits, in an orchard in Kaminoyama, Yamagata
n 2005 and 2006. Among the three main branches of this tree, one
ranch was of the mutant, and the other two branches were of the
riginal cultivar ‘La France’ (‘LaF’), which was used for comparison.
nly one fruit was set at one ﬂower cluster and fruit thinning was
erformed to leave one fruit on a spur among four spurs in both ‘G.
aF’ and ‘LaF’.
.2. Morphological observation
Transverse diameters of 30 fruits were recorded at seven stages
rom full bloom to the commercial harvesting time, 165 days after
ull bloom, which was determined by starch concentration using
2-KI solution. Fruit tissues were sliced with a microslicer (ZERO1,
osaka EM,  Kyoto, Japan) to 100-m thickness, stained with 1%
oluidine blue. Five parts in a transverse section of the equato-
ial planes were observed under a microscope using four fruits
arvested at 165 days after full bloom. According to Harada et al.
2005), the number of cells on a line four sides of a 1-mm square was
ounted. Cell- and space-size index (CSSI) and cell number index
CNI) were calculated according to Harada et al. (2005) as follows:
CSSI (in m)  = the square perimeter/number of cell intersected.
CNI = equatorial diameter/CSSI.
.3. Flow-cytometric analysis
According to the manufacturer’s protocol for the CyStain UV Pre-
ise P kit (Partec GmbH, Münster, Germany), nuclei were released
y chopping plant tissues in the kit extraction buffer, and passed
hrough a nylon mesh (50-m pore size). Staining solution was
dded to the ﬁltrate and left for 5 min  at room temperature. Inten-
ity of ﬂuorescence in nuclei and distribution of the intensity
ere investigated with Ploidy Analyzer (PA, Partec GmbH, Mün-
ter, Germany). The position corresponding to 2C was identiﬁed by
istribution analysis of ﬂuorescence intensity in leaf cells of ‘LaF’.
Fig. 2. Mature fruits of ‘G. LaFig. 1. Fruit diameter of a giant-fruit pear mutant (‘G. LaF’) and the original cultivar
(‘LaF’) during fruit development in 2006. Bars indicate standard deviation. **: P < 0.01
(t-test)
2.4. Fruit quality traits analysis during fruit development
In 2006, the concentration of soluble solids and titratable acid-
ity of three fruits at 110, 140, 155, and 165 days after full bloom
were analyzed with a digital sugar content meter (PR101, Atago,
Tokyo, Japan) and by titration with 0.1 N NaOH, respectively. The
titratable acidity was  converted to malic acid content. Firmness and
starch concentration were investigated using three fruits harvested
140, 155, and 165 days after full bloom. Firmness was measured
with a penetrometer (FT327 5/16 in. tip, Facchini, Italy) after peel-
ing fruit epidermis on the equatorial plane. Starch concentration
was quantiﬁed according to Murayama et al. (2006). In 2005 and
2006, the soluble solids concentration and titratable acidity, ﬁrm-
ness, and seed number were analyzed using 13 fruits harvested 165
days after full bloom.
In 2006, polyuronide (water-soluble, chelator-soluble, and
alkaline-soluble) and hemicellulose of cortex in fruits 165 days
after full bloom using three fruits for each variety were analyzed in
accordance with Murayama et al. (2002).
3. Results
3.1. Morphological investigation of ‘G. LaF’ and ‘LaF’
There was  no signiﬁcant difference in size and thickness of
leaves between ‘G. LaF’ and ‘LaF’, while the length of vegetative
shoots was  slightly shorter in ‘G. LaF’ than that in ‘LaF’. Time-course
investigation of fruit diameter from the day of full bloom to the
commercial harvesting time, 165 days after full bloom, revealed
that receptacle sizes of ‘G. LaF’ were signiﬁcantly larger than those
of ‘LaF’ at the time of full bloom, and that fruit sizes were signiﬁ-
cantly larger during the period of fruit development (Figs. 1 and 2).
The fruits of ‘G. LaF’ had slightly depressed shape and more
F’ and ‘LaF’. Bar 10 cm.
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Fig. 3. Fruit weight of ‘G. LaF’ and ‘LaF’. Bars indicate standard deviation.
usset spots on the skin than those of ‘LaF’. Fruit weights of ‘G. LaF’
t harvest time were 2.1 and 1.6 times more than those of ‘LaF’ in
005 and 2006, respectively (Fig. 3). Since the size of the core was
omparable between ‘G. LaF’ and ‘LaF’ (Fig. S1), the increase in the
ruit size of ‘G. LaF’ was considered to be due to an increase in size
f the fruit cortex.
Supplementary material related to this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.scienta.
014.03.009.
Transverse sections of fruit cortex at harvest time were observed
o determine whether the large fruit size of ‘G. LaF’ is because of an
ncrease in cell number or an increase in the cell size. There was
o signiﬁcant difference in the CNI value, which is an index of the
umber of cells, between ‘G. LaF’ and ‘LaF’, whereas a signiﬁcant
ifference was observed in the CSSI value, which is an index of
ell size (Table 1), indicating that the giant-fruit trait of ‘G. LaF’ is
ecause of the increase in cell size.
.2. Ploidy of tissues and organs of ‘G. LaF’ and ‘LaF’
Flow cytometric analysis of cells in leaves, seeds, and ﬂower and
ruit tissues was performed to investigate DNA contents in cells. In
eaves, a large 2C peak and a small 4C peak were observed in ‘G. LaF’
s in ‘LaF’. On the other hand, the main peak was of 4C in receptacles
nd peduncles of ﬂowers borne by ‘G. LaF’ but the main peak was
f 2C in ‘LaF’ (Fig. 4). In ‘G. LaF’, small peaks of 2C and 8C were also
bserved.
In the cortex of the fruits at harvest time, a peak of 4C was
bserved in ‘G. LaF’, whereas ‘LaF’ revealed a peak of 2C (Fig. 5).
n the core, both 2C and 4C were detected in ‘G. LaF’, but only 2C
as detected in ‘LaF’. In seeds, only a peak of 2C was found in both
G. LaF’ and ‘LaF’.
.3. Changes of fruit quality traits during fruit development in ‘G.
aF’ and ‘LaF’
The concentration of soluble solids in the fruits of ‘G. LaF’
ncreased similarly to that in ‘LaF’ from 110 days to 165 days after
ull bloom (Fig. 6a). Firmness of fruits in ‘G. LaF’ as continuously
ower than that in ‘LaF’ from 140 days to 165 days after full bloom
Fig. 6b). Titratable acidity decreased slightly from 140 days to 155
able 1
SSI (cell- and space-size index) and CNI (cell number index) of fruits of a giant-fruit
ear mutant (G. LaF) and the original cultivar (LaF) in 2006.
Cultivar/variety CSSI CNI
LaF 134.2 ± 10.9 754.3 ± 64.3
G.  LaF 169.1 ± 16.2** 738.4 ± 81.0
alues are the mean ± SD (n = 20).
** P < 0.01 (t-test).ulturae 170 (2014) 196–202
days after full bloom in both ‘G. LaF’ and ‘LaF’, but increased 165
days after full bloom in ‘G. LaF’ (Fig. 6c). Starch concentration in ‘G.
LaF’ as lower than in ‘LaF’, and decreased from 140 days to 165 days
after full bloom in both ‘G. LaF’ and ‘LaF’ (Fig. 6d).
In both 2005 and 2006, titratable acidity and ﬁrmness of fruits of
‘G. LaF’ at harvest time were signiﬁcantly higher and lower, respec-
tively, than those of ‘LaF’and the soluble solids concentration was
comparable between ‘G. LaF’ and ‘LaF’ (Table 2). The seed number
of ‘G. LaF’ on an average was  lower than that of ‘LaF’, but the differ-
ence was not signiﬁcant because of a large variance. Only ‘G. LaF’
contained a brown corky ﬂesh in their fruits (Fig. 7). Frequencies
of fruits having such corky ﬂesh were 91.7% and 33.3% in 2005 and
2006, respectively.
Since the fruits of ‘G. LaF’ were softer than those of ‘LaF’, polysac-
caride contents affecting the rigidity of cell wall were quantiﬁed.
Contents of water-soluble polyuronides in fruits at harvest time
were comparable between ‘G. LaF’ and ‘LaF’,whereas chelator-
soluble and alkaline-soluble polyuronides in ‘G. LaF’ were lower
than those in ‘LaF’, but not signiﬁcantly (Table 3). Hemicellulose
content in the fruits of ‘G. LaF’ was  signiﬁcantly lower than in ‘LaF’.
4. Discussion
Several reports on bud sport mutants of fruit trees have been
published (Janick et al., 1996; Yamane et al., 2008; Malladi and
Hirst, 2010; Zhang et al., 2011; Liu et al., 2012; Butelli et al., 2012),
including fruit size mutants. The fruit size mutants can be classiﬁed
into two  types, one caused by an increase or decrease in number of
cells (Yamane et al., 2008; Zhang et al., 2011) and one by the expan-
sion of cell sizes (Janick et al., 1996; Malladi and Hirst, 2010). The
latter has been reported to comprise two  types, one being periclinal
chimera of ploidy (Janick et al., 1996) and the other endoreduplica-
tion (Malladi and Hirst, 2010). In the periclinal chimera of ploidy,
one or more layers from L1 to L4 contain polyploid cells, and the
increase of chromosome number results in the expansion of cells,
leading to increased fruit size. In the fruit size mutation caused by
endoreduplication, an increase in genome size is observed only in
cells of fruits and not in those of leaves or sepals (Malladi and Hirst,
2010).
In the giant-fruit mutant analyzed in the present study, the fruit
was enlarged because of an increase in cell size, and not by the
cell number. Nuclear DNA content has been reported to have high
positive correlation with cell size (Jovtchev et al., 2006; Símová and
Herben, 2012). We  attribute the increase in cell size of this mutant
to the increase in the nuclear DNA content. Because the mechanism
of cell enlargement by increased DNA content has not been much
studied, this giant-fruit mutant of pear may  be a useful for such
study.
That the concentration of soluble solids was comparable
between ‘G. LaF’ and ‘LaF’, although the fruit size of ‘G. LaF’ was
more than twice to that of ‘LaF’, indicating a high sink activity in ‘G.
LaF’. A high ability of fruits of the giant-fruit cultivar ‘Grand Gala’ to
absorb sorbitol has been revealed by an absorption test using 14C-
labeled sorbitol (Malladi and Hirst, 2010). It has been reported that
abscisic acid (ABA) is involved in cell expansion and sink activity
of fruits, and that a mutant with low ABA content was  observed
to bear small fruits (Nitsch et al., 2012). Auxins, gibberellins, and
cytokinins participate in the development of fruit cells (Srivastava
and Handa, 2005). Comparison of concentrations of ABA and other
plant hormones between ‘G. LaF’ and ‘LaF’ is needed.
The major organic acids in fruits of almost pear cultivars are
malic acid (Sha et al., 2011). Malic acid has been revealed to be
important for enlargement of fruits by a study on transgenic tomato
plants with reduced amounts of malic acid in fruits, in which
fruits were smaller than those of the non-transgenic plants and
K. Isuzugawa et al. / Scientia Horticulturae 170 (2014) 196–202 199
Fig. 4. Flow-cytometric analysis of DNA content in leaf (a) and (b), receptacle (c) and (d), and peduncle (e) and (f) of ‘G. LaF’ and ‘LaF’. (d) and (f) X-axis is logarithmic scale.
Table 2
Fruit characteristics of ‘G. LaF’ and ‘LaF’.
Year Cultivar/variety Soluble solids concentration (Brix%) Titratable acidity (%) Firmness (lb) Seed number fruit−1
2005 LaF 13.1 ± 0.9 0.31 ± 0.03 11.2 ± 0.4 3.0 ± 2.8
G.  LaF 13.9 ± 0.5 0.38 ± 0.04* 10.7 ± 0.5** 1.0 ± 1.4
2006 LaF  13.5 ± 0.5 0.30 ± 0.03 11.2 ± 0.5 1.3 ± 2.2
G.  LaF 14.0 ± 0.4 0.40 ± 0.07** 9.7 ± 0.5** 0.3 ± 0.6
Values are the mean ± SD (n = 13).
* P < 0.05 (t-test).
** P < 0.01 (t-test).
Table 3
Polyuronides and hemicellulose contents of fruits of ‘G. LaF’ and ‘LaF’ in 2006.
Cultivar/variety Uronic acid (mg  g−1 DW)  Hemicellulose (mg g−1 DW)
Water-soluble Chelator-soluble Alkaline-soluble
LaF 6.4 ± 0.1 3.3 ± 0.3 18.0 ± 1.8 51.8 ± 1.6
G.  LaF 6.9 ± 1.0 2.3 ± 0.4 13.3 ± 1.1 32.9 ± 6.1*
Values are the mean ± SD (n = 3).
* P < 0.05 (t-test).
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ontents of other organic acids, sugars, and amino acids were
ltered (Centeno et al., 2011). A highly signiﬁcant negative cor-
elation between malic acid content and starch content has
een reported in tomato (Centeno et al., 2011). In ‘G. LaF’, the
ncreased titratable acidity, probably because of increased malic
cid content, and decreased starch content, suggest that similar
echanisms may  underlie in the control of fruit size in tomato and
ear.
‘G. LaF’ contained lower amounts of hemicellulose as well as of
tarch, suggesting a possibility of dynamic changes in carbohydrate
etabolism. Considering that sugars such as sorbitol and glucose
re important for the control of osmotic pressure of fruit cells
n pear, the metabolism of sorbitol transported from leaves con-
erted into starch may  be suppressed in ‘G. LaF’, and maintenance
f high osmotic pressure in fruit cells may  result in enlargement of
ruit cells. Hemicellulose, interacting with cellulose, contributes to
he maintenance of cell wall rigidity (Scheller and Ulvskov, 2010).(b), core (c) and (d), and seed (e) and (f) of ‘G. LaF’ and ‘LaF’.
Decrease of hemicellulose may  cause cell wall loosening, resulting
in increase of cell size.
Greene et al. (1990) have reported that larger cell size is respon-
sible for lower ﬁrmness of fruits. Low ﬁrmness of the fruits of
our giant-fruit mutant may  be because of the larger cell size. Low
ﬁrmness may  be because of low content of hemicellulose, which
enhances ﬁrmness of fruits by interacting with cellulose (Scheller
and Ulvskov, 2010).
The brown corky ﬂesh observed only in ‘G. LaF’ was highly
similar to bitter pit or cork spot caused by mineral imbalance
(Richardson, 1976). Since it has been reported that bitter pit in
apples tends to occur more frequently in larger-sized fruit than
regular-sized fruit (Ferguson and Triggs, 1990), rapid enlargement
of fruit cells in ‘G. LaF’ might bring about deﬁciency of calcium and
other minerals. There was a large year-to-year variation in the inci-
dence of brown corky ﬂesh. The incidence was  higher in 2005 than
in 2006, when enlargement of fruits was prominent, supporting this
K. Isuzugawa et al. / Scientia Horticulturae 170 (2014) 196–202 201
Days after full bloom
180
0
0.1
0.2
0.3
0.4
0.5
100 120 140 160
(c)
Days after full bloom
T
it
ra
ta
b
le
 a
ci
d
it
y
 (
%
)
(b)
*
**
*
8
10
12
14
16
130 150 170
Days after full bloom
(a)
10
11
12
13
14
15
140 180
Days after full bloom
S
o
lu
b
le
 s
o
li
d
s 
co
n
ce
n
tr
at
io
n
(B
ri
x
%
)
G.LaF
100 160120
F
ir
m
n
es
s(
lb
)
S
ta
rc
h
 c
o
n
ce
n
tr
at
io
n
(m
g
g
-1
F
W
)
0.0
5.0
10.0
15.0
130 150 170
(d)
* **
*
LaF
160140
160140
Fig. 6. Developmental change of soluble solids concentration (a), ﬁrmness (b), titratable
standard  deviation. *P < 0.05. **P < 0.01 (t-test) n = 3.
F
b
e
d
f
f
o
o
a
p
a
a
t
c
A
Kig. 7. Occurrence of brown corky ﬂesh in fruit of ‘G. LaF’ and ‘LaF’. Arrows indicate
rown corky ﬂesh.
xplanation. Because brown corky ﬂesh lowers the value of fruit,
evelopment of a cultivation method to reduce this defect, such as
ertilization management, will be needed for production of giant
ruits of pear.
In the present study, the giant-fruit mutation found in an
rchard in Yamagata prefecture, Japan, was found to be because
f enlargement of fruit cells by polyploidization. Further studies
re required to conclude whether the polyploidization is due to
ericlinal chimera of ploidy or endoreduplication in fruits. Careful
nalysis of the DNA contents of cells in each cell layer and genetic
nalysis of the giant-fruit trait, both of which will require a long-
erm study, may  clarify the mechanism of the enlargement of fruit
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